The male reproductive system of spiders consists of paired, tubular testes and often long and convoluted deferent ducts, which are fused near the genital opening to form an ejaculatory duct. In rare cases and as revealed in previous studies the testes can be partly fused (anteriorly or posteriorly), as reported, for example, for Dysderidae (Dysderoidea). In order to determine whether this pattern is also present in other dysderoids, we studied the genital system of Oonopidae for the first time by means of light microscopy. The following species were included, covering both conventionally recognized subfamilies (Gamasomorphinae and Oonopinae): Neoxyphinus ogloblini Birabén, 1953; Silhouettella loricatula (Roewer, 1942); Opopaea recondita Chickering, 1951; Myrmopopaea sp.; Scaphiella hespera Chamberlin, 1924; Lionneta sp.; Orchestina moaba Chamberlin and Ivie, 1935; Oonops balanus Chickering, 1971, and Stenoonops reductus (Bryant, 1942). In contrast to other spider taxa observed to date, all studied goblin spiders possess an unpaired (completely fused) testis, which seems to be a synapomorphic trait for Oonopidae supporting the monophyly of the family. The deferent ducts of goblin spiders are mostly convoluted and of varying diameter whereas the ejaculatory duct is very small. Moreover, we found a remarkable diversity in the organization of the testis and spermatozoa, which underlines the high potential of the reproductive system for systematic studies on Oonopidae as well as other dysderoids. The putative sister group of Oonopidae is Orsolobidae; since the organization of the male genital system of orsolobids is unknown as well, we included one species (Ascuta media Forster, 1956) in the present study. It possesses the typical genital organization for male spiders represented by paired and unfused tubular testes.
INTRODUCTION
The internal male genital system of spiders shows structural diversity across all main taxa (Michalik, in press ). In general, it can be divided into three parts: paired testes, paired deferent ducts and an unpaired ejaculatory duct (e.g., Bertkau, 1875; Crome, 1951; Kim et al., 1993) . From this general organization several modifications have been reported that are mainly related to the fusion of parts of the testes, such as the anterior fusion in mesothelid spiders (Michalik, 2007) and the posterior fusion in dysderids (Michalik, in press ). But other parts can also differ in their morphology, such as the seminal vesicle adjacent to the ejaculatory duct peculiar to certain theridiid spiders (Michalik, in press ). Thus, phylogenetically informative characters can be expected. In the present study, we focus on the morphology of the male genital system of Oonopidae for the first time.
Oonopids are a highly diverse spider family widespread in many habitats on all continents except Antarctica (e.g., Saaristo, 2001) . Despite their diversity and common occurrence few studies have dealt with the phylogenetic relationships of Oonopidae. Forster and Platnick (1985) did propose the monophyly of the haplogyne superfamily Dysderoidea, which includes the four families Dysderidae, Segestriidae, Orsolobidae, and Oonopidae, and this relationship was confirmed by the more recent phylogenetic analysis by Platnick et al. (1991) . Nevertheless, according to those authors the relationships within the Dysderoidea as well as the monophyly of Oonopidae remain uncertain (although a sister-group relationship between Orsolobidae and Oonopidae was favored).
Within Oonopidae two subgroups are conventionally recognized based on the classification by Simon (1893) : ''loricati,'' or Gamasomorphinae, which are hard bodied and heavily sclerotized, and ''molles,'' or Oonopinae, which are soft bodied and weakly sclerotized. These groups are often treated as subfamilies, but their monophyly is still not supported, which can be explained by a lack of comparative studies (see also Saaristo, 2001 ). Moreover, Chamberlin and Ivie (1942) highlighted the distinctiveness of the genus Orchestina from other oonopid genera by erecting the subfamily Orchestininae, a hypothesis that was not further considered in subsequent studies.
Recent studies on the female genital system revealed a high diversity and complexity that also bear a high phylogenetic potential (Burger et al., 2003 (Burger et al., , 2006 Fannes and Jocqué, 2008; Burger, in press a, b) . In order to know whether similar diversity and complexity are also present in the genital system of the males and whether there are any phylogenetic implications as indicated by the observation of other spider taxa, we studied representatives across the known oonopid subfamilies (including Orchestina). Moreover, we included one representative of Orsolobidae, to see whether there are any similarities between these putative sister taxa and to report the organization of the male genital system for this spider family for the first time. 
LIST OF ABBREVIATIONS

Light Microscopy
The opisthosomas of the males were dehydrated in ethanol, embedded in LR White Resin (soft grade acrylic London resin), and semithin serially sectioned (1 mm) with a microtome (Sorvall JB-4; S. loricatula sectioned with a Leica RM2145) using glass knives. The sections were stained with toluidine blue (1%) in an aqueous borax solution (1%) at approximately 90uC for 1-4 min. Light microscopic studies were performed with a Leica DM2500 (S. loricatula examined with a Zeiss Axioplan 2). Photos of the sections were taken with a Leica DFC 500 digital camera and edited using Adobe Photoshop Elements 2.0.
In order to get an overview of the whole genital system, males of Neoxyphinus ogloblini were dissected in phosphate buffer (0.1M, pH 7.2) and the genital system was isolated. Photos were taken with a digital camera Nikon DXM1200 mounted on a stereoscopic microscope Nikon SMZ1500.
RESULTS
The gross morphology of the male genital system is very similar in all observed oonopid species. In general, it consists of an unpaired (completely fused) testis and two short and often convoluted deferent ducts, which fuse near the genital opening to form a small ejaculatory duct (figs. 1, 26). In the testes of all observed species different stages of spermatogenesis are present (figs. 3, 7, 10, 14, 16, 17, 20, 22, 25) and the spermatozoa are characterized by remarkable structural diversity.
Oonopidae, Gamasomorphinae
Neoxyphinus ogloblini (figs. 1-4): The testis of the examined specimen of N. ogloblini is very large relative to the opisthosoma size (figs. 1, 2). The thick deferent ducts are short and convoluted ( fig. 4 ). In the periphery of the testis early stages of spermatogenesis are present whereas toward the center late spermatids are prominent ( fig. 2 ). The nuclei of the late spermatids and spermatozoa are highly elongated and curved or twisted ( fig. 3) . At the end of spermatogenesis, the spermatozoa form aggregates (transfer forms) that are present in the deferent ducts (figs. 3, 4).
Silhouettella loricatula (figs. 5-8): As in the previous species the testis is very large and the thick deferent ducts are convoluted (figs. 5, 6). No significant intraspecific variation in size and position of the testis was observed in the investigated specimens. Different stages of spermatogenesis could be observed, but the cysts of the developing stages are less stratified than in N. ogloblini (figs. 5, 6). The lumen of the testis is very small and contains few aggregated spermatozoa (figs. 6, 7). In the periphery the fig. 7) . The spermatids are mostly roundish with an elongated nucleus ( fig. 7 ). In the deferent ducts oval transfer forms are present ( fig. 8) .
Opopaea recondita (figs. 9-10): The testis of O. recondita is very different from that of other examined species. It is restricted to one body side and remarkably small ( fig. 9) . No significant intraspecific variation in size and position of the testis was observed in the investigated specimens. Deferent ducts have not been observed until now (this might be due to insufficient fixation of the material). Within the testis only a few spermatids/ spermatozoa of different developmental stages are present ( fig. 10 ). The late spermatids/ spermatozoa are highly elongated ( fig. 10) .
Myrmopopaea sp. (figs. 11-12): In contrast to O. recondita, the small, unpaired testis in the examined specimen of Myrmopopaea sp. is located in the center of the opisthosoma ( fig. 11) . It possesses an H-shape in the ventral part, which continues in the thin and only slightly convoluted deferent ducts. Within the testis different stages of spermatogenesis are present, such as elongated late spermatids ( fig. 12 ). Due to insufficient fixation of the material no further interpretation can be given.
Scaphiella hespera (figs. 13-14): The testis is very large and nearly as wide as the opisthosoma ( fig. 13) . No significant intraspecific variation in size and position of the testis was observed in the examined specimens. The deferent ducts are very thin and only slightly convoluted. The spermatogenesis occurs as usual in cysts, which are not stratified and are very conspicuous due to the dense material in the intercellular space ( figs. 13, 14) . The thin nuclei of the spermatozoa are highly elongated and coiled in late stages ( fig. 14) .
Lionneta sp. (figs. 15-16): In the investigated specimen of Lionneta sp. the testis is very small and situated in the posterior part of the opisthosoma ( fig. 15 ). The deferent ducts are very thin and slightly convoluted ( fig. 15 ). The number of sperm cells is remarkably low and only a few late spermatids characterized by an elongated thin nucleus were observed ( fig. 16) large and increases in size toward the dorsal part of the opisthosoma (fig. 17) . The deferent ducts are strongly convoluted and filled with highly ordered elongated spermatozoa ( fig. 18) . In the testis different stages of spermatogenesis are organized in cysts, but due to the limited quality of the material no further interpretation can be given.
Oonops balanus (figs. 19-20) : This species is characterized by a relatively large testis and convoluted deferent ducts that sometimes appear slightly bulbous ( fig. 19) . No signifi- cant intraspecific variation in size and position of the testis was observed in the investigated specimens. The spermatids develop in cysts, which are not ordered ( fig. 20) . In contrast to the other species, the spermatids/spermatozoa are very compact and not elongated ( fig. 20) .
Stenoonops reductus (figs. 21-22): The genital system of S. reductus is mainly characterized by an extremely voluminous testis, which fills most of the opisthosoma ( fig. 21) . No significant intraspecific variation in size and position of the testis was observed in the investigated specimens. The bulbous deferent ducts are highly convoluted ( fig. 21) . Inside the testis different stages of spermatogenesis are present, organized in cysts that seem to be stratified, with earlier stages near the periphery and later stages toward the lumen ( fig. 21 ).
In contrast to O. balanus, the late spermatids/ spermatozoa are characterized by a highly elongated nucleus ( fig. 22 ).
Orsolobidae
Ascuta media (figs. 23-25): In contrast to observed goblin spiders, the genital system of the examined specimen of this species consists of paired and unfused testes ( fig. 23) . The deferent ducts are comparatively thick and convoluted ( figs. 23, 24) . The internal organization of the testes comprises early stages of spermatogenesis at the periphery and later spermatogenic stages toward the lumen (fig. 23) . The spermatozoa are characterized by a slightly elongated nucleus that seems partly curved ( fig. 25 ). In the deferent ducts the spermatozoa are densely packed ( fig. 24 ). 
DISCUSSION
Based on scanning electron microscopic observations of the tarsal organ, Forster and Platnick (1985) claimed that many austral genera previously assigned to oonopids are more closely related to Orsolobus Simon than to true oonopids. However, the systematic relationships within Oonopidae as well as their putative sister group are still obscure and no comparative studies exist dealing with phylogenetic hypotheses of Oonopidae and/or Dysderoidea (a first approach has recently started with a Planetary Biodiversity Inventory of the family Oonopidae, partly supported by the U. S. National Science Foundation).
The present study provides the first clear evidence for the monophyly of goblin spiders. All observed species belonging to different subfamilies (including Orchestina) possess an unpaired (completely fused) testis; such an arrangement is not present in any other spider family observed to date ( fig. 26 ). In contrast, in the putative sister group Orsolobidae, paired and unfused tubular testes are present, which represents the typical organization of the male genital system of spiders (see Michalik, in press ). The inner organization of the testis of all observed species is similar to what is known in other spider groups, with somatic cells in the periphery, cysts with different developmental stages of spermatids, and a lumen in the center containing the spermatozoa or the sperm aggregations (transfer forms). The evolution of the unpaired (completely fused) testis is still not clear. It seems likely that it evolved from partly fused testes such as those found in most of the Dysderidae (Bertkau, 1875 (Bertkau, , 1878 Michalik, in press) . The assumption that the completely fused testis evolved from partly fused testes might suggest that Dysderidae could be the sister group of Oonopidae rather than Orsolobidae. Partly fused testes have also been reported from Scytodidae, and thus might be a convergent trait within haplogyne spiders (Michalik, in press ).
The present study reveals a remarkable diversity in the amount and structure of sperm cells among goblin spiders. This is of special interest since recent studies have shown an astonishing diversity of sperm characters that are very promising for studies on spider phylogeny (Alberti and Weinmann, 1985; Alberti, 1990; Michalik et al., 2004; Michalik and Alberti, 2005; Michalik and Huber, 2006; Michalik, 2007) . For example, the only ultrastructural study on Oonopidae, dealing with the spermatozoa of Oonops domesticus, revealed a highly aberrant organization of the sperm cells (Alberti and Weinmann, 1985) . They are characterized by a very compact nucleus, which possesses a conspicuous short postcentriolar elongation. The spermatozoa of this species are finally transferred as cleistospermia. This is in accordance with our findings on Oonops balanus. Based on our light microscope observations, a fundamentally different organization of the spermatozoa between Oonops balanus and Oonops domesticus can be excluded. Instead, the other observed species are clearly different from what is described for Oonops. In those species, the nucleus is mostly (extremely) elongated and the spermatozoa are highly ordered and aggregated in the deferent ducts (where the transfer forms are formed/stored). This is also in accordance with our preliminary ultrastructural observations of Neoxyphinus ogloblini and Silhouettella loricatulathe organization of the nucleus of these species is very different from Oonops but also from each other (Michalik and Burger, personal obs.) . Moreover, these species possess synspermia as transfer forms, which are also present in all other dysderoids (Alberti and Weinmann, 1985; Michalik et al., 2004; Michalik, personal obs.) . To conclude, there are not only clear differences in sperm structure between but also within the subfamilies of oonopids (e.g., Oonops vs. Stenoonops). Thus, it seems likely that detailed ultrastructural studies on the spermatozoa and spermatogenesis will reveal many characters of phylogenetic importance.
Another conspicuous finding concerns the amount of spermatozoa produced in the testis. In species producing a large amount of spermatozoa (e.g., Stenoonops reductus and Scaphiella hespera) the females also possess very large receptacula (Burger, in press a), which is in contrast to species with a small testis (e.g., Opopaea recondita) where the females can even have no distinct sperm storage organ (Burger, in press a). Recent studies have already revealed a high complexity in the female genitalia and reproductive biology of oonopids (Burger et al., 2003 (Burger et al., , 2006 Burger, 2007; Fannes and Jocqué, 2008; Burger, in press a, b) . For example, the female of Silhouettella loricatula is characterized by a large receptaculum where the transferred male seminal fluid is enclosed in large amounts of secretions, forming a distinct sac (Burger et al., 2006) . Interestingly, the sac can be dumped in subsequent copulations, which may allow females to bias sperm precedence (Burger, 2007) .
